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(54) Ultrasonic transducer, method of manufacture, and use in a ultrasonic flowmeter 



(57) It is an object of the present invention to provide 
an ultrasonic transducer, which is so configured as to 
reduce the variations in characteristics, thereby to ena- 
ble the stabilization of the precision, as well as to enable 
the improvement of the durability, and the like, a method 
for manufacturing the ultrasonic transducer, and an ul- 
trasonic flowmeter. In order to attain this object, in ac- 
cordance with the present invention, the ultrasonic 
transducer is so configured as to include a piezoelectric 
element and an acoustic matching layer, wherein the 



acoustic matching layer is made of a dry gel of an inor- 
ganic oxide or an organic polymer, and a solid skeletal 
part of the dry gel has been rendered hydrophobic. With 
this configuration, il is possible to obtain the ultrasonic 
transducer having an acoustic matching layer 3 which 
is very lightweight and has a small acoustic impedance 
due to the solid skeletal part of the dry gel which has 
been rendered hydrophobic. Further, it is also possible 
to obtain the ultrasonic transducer which shows a nar- 
row range of characteristic variations, and is stable due 
to the high homogeneity of the dry gel. 



Fig. 2 




1 : Piezoelectric vibrator 

3: Acoustic matching layer 
2: Piezoelectric element 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to an ultrasonic 
transducer for transmitting and receiving ultrasonic 
waves, and a method for manufacturing the ultrasonic 
transducer, and an ultrasonic flowmeter using the ultra- 
sonic transducer. 

Description of Prior Art 

[0002] In recent years, an ultrasonic flowmeter which 
measures the time of flight of an ultrasonic wave across 
the propagation path, and determines the passing 
speed of a fluid, thereby to measure the flow rate has 
come into use for a gas meter or the like. 
[0003] FIG. 1 is a diagram showing the measurement 
principle of an ultrasonic flowmeter. As shown in FIG. 1 . 
a fluid flows in the direction indicated by an arrow at a 
velocity Vina tube. A pair of ultrasonic transducers 1 01 
and 1 02 are oppositely mounted on a tube wall 1 03. The 
ultrasonic transducers 101 and 102 are respectively 
configured with piezoelectric vibrators such as piezoe- 
lectric ceramics as electrical energy/mechanical energy 
conversion elements. Herein, the ultrasonic transducer 
101 is used as an ultrasonic transmitter, and the ultra- 
sonic transducer 102 is used as an ultrasonic receiver. 
[0004] The operation is as follows. Upon application 
of an alternating voltage with a frequency in the vicinity 
of the resonance frequency of the ultrasonic transducer 
1 01 lo the piezoelectric vibrator, the ultrasonic transduc- 
er 101 emits an ultrasonic wave into an external fluid 
along a propagation path denoted by L1 in the diagram. 
Then, the ultrasonic transducer 102 receives the prop- 
agated ultrasonic wave, and converts it into a voltage. 
Subsequently, the ultrasonic transducer 102 is used as 
an ultrasonic transmitter, and the ultrasonic transducer 

101 is used as an ultrasonic receiver. Upon application 
of an alternating voltage with a frequency in the vicinity 
of the resonance frequency of the ultrasonic transducer 

1 02 to the piezoelectric vibrator, the ultrasonic transduc- 
er 102 emits an ultrasonic wave into the external fluid 
along a propagation path denoted by L2 in the diagram. 
Then, the ultrasonic transducer 101 receives the prop- 
agated ultrasonic wave, and converts it into a voltage. 
[0005] Further, with such an ultrasonic transducer, if 
an alternating voltage is successively applied thereto, 
ultrasonic waves are successively emitted from the ul- 
trasonic transducer. Accordingly, it becomes difficult to 
determine the time of flight. For this reason, in general, 
a burst voltage signal using a pulse signal as a carrier 
wave is used as a driving voltage. Hereinafter, the meas- 
urement principle will be described in more details. Up- 
on application of a burst voltage signal for driving to the 
ultrasonic transducer 101, an ultrasonic pulse wave is 



emitted from the ultrasonic transducer 101. The ultra- 
sonic pulse wave propagates through the propagation 
path L1 with a length L, and reaches the ultrasonictrans- 
ducer 1 02 after (time of flight) t hours. With the ultrason ic 

5 transducer 102, the propagated ultrasonic pulse wave 
can be converted into an electrical pulse wave at a high 
S/N ratio. By using the electrical pulse wave as a trigger 
signal, the ultrasonic transducer 101 is driven again to 
emit an ultrasonic pulse wave. This device is referred to 

10 as a sing-around device. The time required for an ultra- 
sonic pulse to be emitted from the ultrasonic transducer 
101, and propagate through the propagation path to 
reach the ultrasonic transducer 102 is referred to as a 
sing-around period. The inverse thereof is referred to as 

15 a sing-around frequency. 

[0006] In FIG. 1 , a reference character V denotes the 
flow velocity of the fluid flowing in the pipe, C denotes 
the velocity of an ultrasonic wave in the fluid, and 6 de- 
notes the angle between the direction of flow of the fluid 

20 and the direction of propagation of an ultrasonic pulse. 
When the ultrasonic transducer 1 01 is used as a trans- 
mitter, and the ultrasonic transducer 102 is used as a 
receiver, the following equation (1) holds: 

f1 - 1/t1 - (C + VcosG)/L (1) 

where t1 denotes the sing-around period which is the 
time for an ultrasonic pulse emitted from the ultrasonic 

30 transducer 101 to reach the ultrasonic transducer 102, 
and f1 denotes the sing-around frequency. 
[0007] In contrast, when the ultrasonictransducer 1 02 
is used as a transmitter, and the ultrasonic transducer 
101 is used as a receiver, the following equation (2) 

35 holds: 

f2= 1/t2 = (C-Vcos6)/L (2) 

40 where t2 denotes the sing-around period therefor, and 
f2 denotes the sing-around frequency. 
[0008] Accordingly, the frequency difference Af be- 
tween both the sing-around frequencies is expressed as 
the following equation (3), so that the flow velocity V of 

45 the fluid can be determined from the length L of the prop- 
agation path for the ultrasonic wave, and the frequency 
difference Af : 

50 Af = f 1 - f2 = 2 Vcose/L (3) 

[0009] Namely, it is possible to determine the flow ve- 
locity V of the fluid from the length L of the propagation 
path for the ultrasonic wave, and the frequency differ- 
55 ence Af. Therefore, it is possible to determine the flow 
rate from the flow velocity V. 

[0010] Such an ultrasonic flowmeter is required to 
have a high degree of precision. In order to improve the 
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precision, the acoustic impedance of a matching layer 
becomes important which is formed on the transmitting 
and receiving surface of ultrasonic waves in the piezo- 
electric vibrator configuring the ultrasonic transducer for 
transmitting ultrasonic waves to a gas, or receiving the 
ultrasonic waves propagated through the gas. The 
acoustic impedance of the piezoelectric vibrator for gen- 
erating the ultrasonic vibrations is about 30 x 10 6 . The 
acoustic impedance of air is about 400. The ideal value 
of the acoustic impedance of the acoustic matching lay- 
er is about 0.11 x 10 6 . Further, the acoustic impedance 
is defined as the following equation (4): 

Acoustic impedance = (density) x (sound velocity) 

[0011] Therefore, a low density material, such as a 
material obtained by solidifying a glass balloon or a plas- 
tic balloon with a resin material, is used for the acoustic 
matching layer for controlling the acoustic impedance at 
a low level. Alternatively, there has been adopted a 
method in which a hollow glass ball is thermally com- 
pressed, a molten material is foamed, or the like. The 
method is disclosed in Japanese Patent Publication No. 
2559144, or the like. 

[0012] For the acoustic matching layer used in a con- 
ventional ultrasonic transducer used for an ultrasonic 
flowmeter, there has been adopted a method in which 
a hollow glass ball is thermally compressed, a molten 
material is foamed, or the like, as described above. For 
this reason, there occur the following problems. The me- 
dium tends to be heterogeneous due to fracture of the 
glass ball under pressure, separation under insufficient 
pressure, foaming of the peeled molten material, or the 
like. Accordingly, variations occur in characteristics, 
which then generates variations in device precision. 
Further, there also occur the following problems. For ex- 
ample, since the acoustic matching layer is exposed to 
a gas, the surface is collapsed by the moisture, or the 
layer is easily deteriorated by a chemically active sub- 
stance, resulting in inferior durability. 

SUMMARY OF THE INVENTION 

[001 3] The present invention has been completed for 
solving such problems. It is an object of the present in- 
vention to provide a high sensitivity ultrasonic transduc- 
er, which is so configured as to reduce the variations in 
characteristics, thereby to enable the stabilization of the 
precision, as well as to enable the improvement of the 
durability, and the like, a method for manufacturing the 
ultrasonic transducer, and an ultrasonic flowmeter. 
[001 4] An ultrasonic transducer of the present inven- 
tion is so configured as to include a piezoelectric ele- 
ment and an acoustic matching layer, wherein the 
acoustic matching layer is made of a dry gel of an inor- 
ganic oxide or an organic polymer, and the solid skeletal 
part of the dry gel has been rendered hydrophobic. With 
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this configuration, it is possible to obtain the ultrasonic 
transducer having an acoustic matching layer which has 
a low acoustic impedance due to the solid skeletal part 
of the dry gel which has been rendered hydrophobic. 
5 Further, the ultrasonic transducer shows a narrow range 
of characteristic variations due to the high homogeneity 
of the dry gel. 

[0015] Further, if the ultrasonic transducer of the 
present invention is embodied in the following manner, 
10 it is possible to obtain more preferred ultrasonic trans- 
ducers. 

[001 6] First of all, the ultrasonic transducer is so con- 
figured that the piezoelectric element and the acoustic 
matching layer are chemically bonded with each other. 

15 [0017] Secondly, the ultrasonic transducer is so con- 
figured that the piezoelectric element is mounted on the 
inner side of a hermetically sealed case, and the acous- 
tic matching layer is mounted on the outer side of the 
hermetically sealed case opposed to the mounting po- 

20 sition of the piezoelectric element. 

[0018] Thirdly, the ultrasonic transducer is so config- 
ured that the hermetically sealed case has an acoustic 
matching layer mounting part in the form of recess with 
a depth which is a quarter of the ultrasonic oscillation 

25 frequency at the position of the outer side opposed to 
the mounting position of the piezoelectric element, and 
the acoustic matching layer mounting part is filled with 
the dry gel of an inorganic oxide or an organic polymer. 
[0019] Fourthly, the ultrasonic transducer is so con- 

30 figured that the hermetically sealed case and the acous- 
tic matching layer are chemically bonded with each oth- 
er. 

[0020] Fifthly, the ultrasonic transducer is so config- 
ured that the hermetically sealed case is made of a con- 

35 ductive material. 

[0021] Sixthly, the ultrasonic transducer is so config- 
ured that the conductive material is a metal material. 
[0022] Seventhly, the ultrasonic transducer is so con- 
figured that the dry gel constituting the acoustic match- 

40 ing layer has a density of 500 kg/m 3 or less, and a mean 
pore diameter of 100 nm or less. 

[0023] Eighthly, the ultrasonic transducer is so config- 
ured that the solid skeletal part of the dry gel contains 
at least silicon oxide or aluminium oxide as a compo- 
45 nent. 

[0024] Ninthly, the ultrasonic transducer is so config- 
ured that a protective layer with a density of 800 kg/m 3 
or more, and a thickness of 10 urn or less is formed on 
the surface of the acoustic matching layer. 

so [0025] TenthJy, the ultrasonic transducer is so config- 
ured that the protective layer is made of any of a metal 
material, an inorganic material; and a polymer material. 
[0026] Eleventhly, the ultrasonic transducer is so con- 
figured that the protective layer is made of any of alu- 

55 minium, silicon oxide, aluminium oxide, amorphous car- 
bon, and polyparaxylene. 

[0027] In a method for manufacturing an ultrasonic 
transducer of the present invention, the ultrasonic trans- 
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ducer includes an acoustic matching layer made of a dry 
gel of an inorganic oxide or an organic polymer, the solid 
skeletal part of the dry gel having been rendered hydro- 
phobic, and a piezoelectric element. The method in- 
cludes a step of brazing (or soldering) the dry gel to the 
piezoelectric element or a gas shielding case on the in- 
ner side of which the piezoelectric element is mounted. 
With the ultrasonic transducer obtained by using this 
manufacturing method, it is possible to achieve higher 
sensitivity and stabilization of the characteristics due to 
the acoustic matching layer with a low acoustic imped- 
ance. 

[0028] In a method for manufacturing an ultrasonic 
transducer of the present invention, the ultrasonic trans- 
ducer includes an acoustic matching layer made of a dry 
gel of an inorganic oxide or an organic polymer, the solid 
skeletal part of the dry gel having been rendered hydro- 
phobic, and a piezoelectric element. The method in- 
cludes a step of forming the acoustic matching layer. 
The acoustic matching layer formation process in- 
cludes: a deposition step of applying a gel raw material 
solution to the piezoelectric element or a gas shielding 
case on the inner side of which the piezoelectric element 
is mounted; a solidification step of obtaining a wet gel 
from the gel raw material solution; and a drying step of 
removing a solvent in the wet gel to obtain a dry gel. 
With the ultrasonic transducer obtained by using this 
manufacturing method, it is possible to achieve higher 
sensitivity and stabilization of the characteristics due to 
the acoustic matching layer with a low acoustic imped- 
ance. 

[0029] Further, if the method for manufacturing an ul- 
trasonic transducer of the present invention is embodied 
in the following manner, it is possible to obtain more pre- 
ferred ultrasonic transducers. 

[0030] First of all, in the ultrasonic transducer includ- 
ing the piezoelectric element mounted on the inner side 
of a hermetically sealed case, the hermetically sealed 
case has an acoustic matching layer mounting part in 
the form of recess with a depth which is a quarter of the 
ultrasonic wave length at the position of the outer side 
opposed to the mounting position of the piezoelectric el- 
ement of the hermetically sealed case. In the method 
for manufacturing the ultrasonic transducer, the gel raw 
material solution is applied to the acoustic matching lay- 
er mounting part. 

[0031] Secondly, in the method for manufacturing the 
ultrasonic transducer, a protective layer is formed on the 
surface of the acoustic matching layer by a dry deposi- 
tion method. 

[0032] Further, an ultrasonic flowmeter of the present 
invention includes :a flow rate measuring part through 
which a fluid to be measured flows; a pair of ultrasonic 
transducers for transmitting and receiving an ultrasonic 
wave mounted at the flow rate measuring part; a meas- 
uring circuit for measuring the time of flight of an ultra- 
sonic wave between the ultrasonic transducers; and a 
flow rate operation means for calculating the flow rate 



based on the signal from the measuring circuit, each of 
the ultrasonic transducers being made up of a hermeti- 
cally sealed case by which the fluid to be measured and 
the piezoelectric element are shielded from each other. 
5 With this ultrasonic flowmeter, it is possible to achieve 
the improvement of the stability of the flow rate meas- 
urement due to the high sensitivity and the narrow range 
of variations in characteristics of the ultrasonic transduc- 
ers. 

10 [0033] As described above, the present invention pro- 
vides such a configuration that the acoustic matching 
layer is made of a dry gel of an inorganic oxide or an 
organic polymer, and the solid skeletal part of the dry 
gel has been rendered hydrophobic. Accordingly, it is 

15 possible to obtain an ultrasonic transducer having an 
acoustic matching layer which is very lightweight and 
has a small acoustic impedance due to the solid skeletal 
part of the dry gel which has been rendered hydropho- 
bic. Further, it is also possible to obtain the ultrasonic 

20 transducer which shows a narrow range of characteris- 
tic variations, and is stable due to the high homogeneity 
of the dry gel. Still further, upon formation of the dry gel 
of an inorganic oxide or an organic polymer, the OH 
group on the piezoelectric element surface or the case 

25 surface and the component of the raw material react and 
chemically bonded with each other to ensure the bond 
therebetween. Therefore, such an excellent effect can 
also be expected that an adhesion layer-free : or a so- 
called adhesion layer-less ultrasonic transducer is ob- 

30 tainable. 

[0034] Such objects and advantages of the present 
invention will become more apparent from the following 
description of embodiments given by reference to the 
accompanying drawings. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0035] 

40 FIG. 1 is a cross sectional view showing the meas- 

urement principle of a conventional ultrasonic flow- 
meter; 

FIG. 2 is a cross sectional view of an ultrasonic 
transducer shown as a first embodiment of the 
4 5 present invention; 

FIG. 3 is a cross sectional view of an ultrasonic 
transducer shown as a second embodiment of the 
present invention; 

FIG. 4 is a cross sectional view of an ultrasonic 
50 transducer shown as a third embodiment of the 
present invention; 

FIG. 5 is a cross sectional view of an ultrasonic 
transducer shown as a fourth embodiment of the 
present invention 
55 FIG. 6 is a flow chart illustrating a first example of 
a manufacturing method of the ultrasonic transduc- 
er of the present invention; 

FIG. 7 is a flow chart illustrating a second example 



45 



50 
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of a manufacturing method of the ultrasonic trans- 
ducer of the present invention; 
FIG. 8 is a flow chart illustrating a third example of 
a manufacturing method of the ultrasonic transduc- 
er of the present invention; 

FIG. 9 is a flow chart illustrating a fourth example of 
a manufacturing method of the ultrasonic transduc- 
er of the present invention; and 
FIG. 10 is a block diagram showing an ultrasonic 
flowmeter using the ultrasonic transducer of the 
present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

(First embodiment) 

[0036] FIG. 2 is a cross sectional diagram of a piezo- 
electric vibrator of an ultrasonic transducer used for an 
ultrasonic flowmeter, showing a first embodiment of the 
present invention. In FIG. 2, a piezoelectric vibrator 1 
for performing electric-ultrasonic wave interconversion 
is made up of a piezoelectric element 2 and an acoustic 
matching layer 3. The piezoelectric element 2 generates 
ultrasonic vibrations. It is made up of piezoelectric ce- 
ramics, piezoelectric monocrystals, or the like. It is po- 
larized in the direction of thickness, and it has electrodes 
on the upper and lower sides. The acoustic matching 
layer 3 is for transmitting an ultrasonic wave to a gas, 
or receiving the ultrasonic wave propagated through the 
gas. The acoustic matching layer 3 has functions of 
causing the mechanical vibrations of the piezoelectric 
element 2 excited by a driving alternating voltage to ef- 
ficiently outgo to the external medium as ultrasonic 
waves, and efficiently converting the incoming ultrason- 
ic waves into a voltage. It is bonded on one side of the 
piezoelectric element 2 through a chemical bond so as 
to form the transmitting and receiving surface of ultra- 
sonic waves in the piezoelectric element 2. Further, the 
acoustic matching layer 3 is made of a dry gel of an in- 
organic oxide or an organic polymer. The solid skeletal 
matrix of the dry gel is rendered hydrophobic. Thus, it is 
formed as a nanoporous material dry gel (nanoporous 
dry gel) with a density of 500 kg/m 3 or less, and a mean 
pore diameter of 1 00 nm or less. It is noted that the solid 
skeletal part of the dry gel of an inorganic oxide contains 
at least silicon dioxide (silica) or aluminium oxide (alu- 
mina) as a component. Further, the solid skeletal part of 
the dry gel of an organic polymer can be made of a gen- 
eral thermosetting resin or thermoplastic resin. For ex- 
ample, polyurethane, polyurea, cured phenolic resin, 
polyacrylamide, methyl polymethacrylate, orthe like can 
be applied thereto. 



FIG. 2, showing a second embodiment of the present 
invention. Identical numerals and characters are used 
to designate elements formed with the identical materi- 
als and identical functions in FIGS. 2 and 3. A piezoe- 
5 lectric vibrator 1 is bonded to the inside of a case 4 made 
of a conductive material, for example, made of a mate- 
rial such as a metal capable of ensuring the reliability to 
the external fluid, generally in tube form. The top open- 
ing of the case 4 is covered with a protective layer 5, 
10 along with the top of an acoustic matching layer 3 in the 
piezoelectric vibrator 1 . In consequence, the inside 
thereof is blocked off from the external fluid. In addition, 
the bottom thereof is covered and completely sealed 
with a cover plate 7 similarly made of a conductive ma- 
ts terial such as a metal. As a result, the case 4 is formed 
as a gas shielding case, together with the cover plate 7. 
Further, driving terminals 6a and 6b are attached to the 
cover plate 7. Out of the two driving terminals 6a and 
6b, one driving terminal 6a is electrically connected to 
20 the top electrode of the piezoelectric element 2 via the 
cover plate 7 and the case 4. The other driving terminal 
6b is electrically insulated by an insulating material 8 
from the cover plate 7, and electrically connected to the 
bottom electrode of the piezoelectric element 2 in the 
25 case 4. 

[0038] The protective layer 5 is a layer with a density 
of 800 kg/m 3 or more, and a thickness of 1 0 urn or less, 
and made of a metal material, an inorganic material, a 
polymer material, orthe like. Specifically other than alu- 

30 minium, silicon oxide, aluminium oxide, low melting 
glass, amorphous carbon, polymers (polyparaxylene 
and polyimide), and the like, coating resins, UV (ultravi- 
olet) curable resins, thermosetting resins, and the like 
are used. Further, when aluminium is used, it is provided 

35 through a vapor deposition or sputtering process. When 
silicon oxide or aluminium oxide is used, it is provided 
through a vapor deposition process, a sputtering proc- 
ess, a CVD (Chemical Vapor Deposition) process, orthe 
like. When low melting glass is used, it is provided 

40 through a coating process. When an amorphous carbon 
is used, it is provided through a plasma CVD process. 
When a polymer (polyparaxylene or polyimide) is used, 
it is provided through a vapor deposition polymerization 
process, or the like. 

45 [0039] With the ultrasonic transducer thus configured, 
when a pulse wave voltage having an AC signal com- 
ponent with a frequency in the vicinity of the resonance 
frequency of the ultrasonic transducer is applied to the 
driving terminals 6a and 6b : the piezoelectric vibrator 1 

50 vibrates in thickness vibration mode. Accordingly, it 
emits burst-like ultrasonic waves into a fluid such as a 
gas or a liquid. 



(Second embodiment) 

[0037] FIG. 3 is a cross sectional diagram of an ultra- 
sonic transducer using the piezoelectric vibrator 1 of 



55 



(Third embodiment) 

[0040] FIG. 4 is a cross sectional diagram of an ultra- 
sonic transducer so configured that a piezoelectric vi- 
brator 1 obtained by slightly modifying the piezoelectric 
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vibrator 1 of FIG. 2 is mounted in a case 14, showing a 
third embodiment of the present invention. Identical nu- 
merals and characters are used in FIGS. 2 to 4 to des- 
ignate elements formed with the identical materials and 
identical functions. Therefore, the overlapping descrip- 
tion thereof is omitted, and only the different points are 
described. The case 14 is configured as follows. A re- 
cess 15 as an acoustic matching layer mounting part is 
provided on the top 14a to close the whole of the top 
14a, resulting in a generally tube-like case. In addition, 
the bottom is closed with a cover plate 7, also resulting 
in a gas shielding case. Incidentally, the depth of the re- 
cess 15 is formed with a depth which is a quarter of the 
ultrasonic oscillation frequency. Further, the case 14 is 
made of a conductive material, for example, a material 
such as a metal capable of ensuring the reliability to the 
external fluid in the same manner as with the case 4 of 
the first embodiment. The piezoelectric vibrator 1 is so 
configured that a piezoelectric element 2 is bonded to 
the top 1 4a inside the case 1 4, and an acoustic matching 
layer 3 is bonded into the external recess 15. Also for 
the ultrasonic transducer thus configured, when a pulse 
wave voltage having an AC signal component with a fre- 
quency in the vicinity of the resonance frequency of the 
ultrasonic transducer is applied to the driving terminals 
6a and 6b, the piezoelectric vibrator 1 vibrates in thick- 
ness vibration mode. Accordingly, it emits burst-like ul- 
trasonic waves into a fluid such as a gas or a liquid. 

(Fourth embodiment) 

[0041] FIG. 5 shows an ultrasonic transducer of a 
fourth embodiment of the present invention. The ultra- 
sonic transducer of this embodiment is identical in con- 
figuration to the ultrasonic transducer of the third em- 
bodiment shown in FIG. 4, except that a protective layer 
5 is provided so as to cover the whole top of the acoustic 
matching layer 3 in the ultrasonic transducer shown in 
FIG. 4, and the acoustic matching layer 3 is sealed in- 
side the recess 15 serving as an acoustic matching layer 
mounting part. Also for the ultrasonic transducer thus 
configured, when a pulse wave voltage having an AC 
signal component with a frequency in the vicinity of the 
resonance frequency of the ultrasonic transducer is ap- 
plied to the driving terminals 6a and 6b, the piezoelectric 
vibrator 1 vibrates in thickness vibration mode. Accord- 
ingly, it emits burst-like ultrasonic waves into a fluid such 
as a gas or a liquid. 

[0042] Then, a description will be given to examples 
of a method for manufacturing each of the acoustic 
matching layers 3 shown in FIGS. 2 to 5, and bonding 
it to the piezoelectric element 2 or the case 14. 

(First example) 

[0043] FIG. 6 is an explanatory diagram illustrating a 
method for manufacturing the acoustic matching layer 
3, and bonding it to the piezoelectric element 2 step by 



step in accordance with a first example. The first exam- 
ple will be described in the order of steps 1 to 6. 

Step 1: electrodialysis of sodium silicate is per- 
5 formed to form a silicic acid solution with a pH of 9 

to 10; 

Step 2: the silicic acid solution is adjusted to a pH 
of 5.5, and the resulting solution is poured into a 
mold. Accordingly, the silicic acid solution gels with 

10 time to obtain a water base wet gel block; 

Step 3; the gelled silicic acid solution is rendered 
hydrophobic by an acetone solution of trimethyl- 
chlorosilane (TMCS), followed by a dehydration 
treatment, to form a wet gel block; 

15 Step 4: the wet gel block is subjected to supercritical 

drying by using carbon dioxide to form a silica dry 
gel block; 

Step 5: the silica dry gel block is cut to a thickness 
of XJ4 to form a prescribed acoustic matching layer 

20 3; and 

Step 6: the acoustic matching layer 3 cut in the step 
5 is bonded to one side of the piezoelectric element 
2 or the top 1 4a of the case 1 4 through silver sol- 
dering or an adhesive, resulting in the piezoelectric 

25 vibrator 1 . 

(Second example) 

[0044] FIG. 7 is an explanatory diagram illustrating a 
30 method for manufacturing the acoustic matching layer 
3, and bonding it to the metal sealing type of case 14 
step by step in accordance with a second example. The 
second example will be described in the order of steps 
1 to 7. 

35 

Step 1 : a sol solution is formed from tetraethoxysi- 
lane, aluminium-sec-buthoxide, and ethanol; 
Step 2: to the resulting sol solution, a gelling cata- 
lyst, or an acid or a base is added, to form a coating 

40 raw material solution before start of gelation, to be 

coated in its thickened state to the case 14; 
Step 3: the coating raw material solution is coated 
to the coating surface of the case 14, and merged 
with the case (hermetically sealed case) 14; 

45 step 4: when the coating raw material solution is 
allowed to gel after coating, the OH group on the 
surface of the case 14 and the alkoxy group of the 
raw material react and are chemically bonded with 
each other to form a wet gel film on the surface of 

50 the case 14; 

Step 5: the film is washed with ethanol. After wash- 
ing, the film is supercritically dried. Subsequently, it 
is subjected to a hydrophobization treatment with 
the vapor of trimethylchlorosilane to form an alumi- 

55 nosilica dry gel film on the surface of the case 14; 

Step 6: On the aluminosilica dry gel film formed on 
the surface of the case 1 4, a dry protective film (pro- 
tective layer 5) is formed in vacuum. The protective 
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film 5 is formed by vapor deposition, sputtering, 
CVD, or the like of silicon dioxide; and 
Step 7: thereafter, to the case 14, the piezoelectric 
element 2, the cover plate 7, the driving terminals 
6a and 6b, and the like are mounted, resulting in the 5 
piezoelectric vibrator 1 . 

(Third example) 

[0045] FIG. 8 is an explanatory diagram illustrating a 10 
method for manufacturing the acoustic matching layer 
3, and bonding it to the metal sealing type of case 14, 
particularly, when the case 14 is a case made of stain- 
less steel, bonding the acoustic matching layer 3 to the 
case 14, step by step in accordance with a third exam- 15 
pie. The third example will be described in the order of 
steps 1 to 6. 

Step 1: electrodialysis of sodium silicate is per- 
formed to form a silicic acid solution with a pH of 9 20 
to 10; 

Step 2: the silicic acid solution is adjusted to a pH 
of 5.5, and the resulting solution is added dropwise 
onto the case 1 4 for merging between the silicic acid 
solution and the case 14; 25 
Step 3: when the coating raw material solution is 
allowed to gel after coating of the coating raw ma- 
terial solution, the OH group on the surface of the 
case 14 and the alkoxy group of the raw material 
react and are chemically bonded with each other to 30 
form a wet gel film on the surface of the case 14; 
Step 4:the gelled silicic acid solution is rendered hy- 
drophobic by an acetone solution of trimethylchlo- 
rosilane (TMCS), followed by a dehydration treat- 
ment. Further, after solvent exchange to hexane, 35 
the solution is dried in a case held at 1 00 °C to form 
a silica dry gel film of silicon dioxide: 
Step 5: on the silica dry gel film formed on the sur- 
face of the case 14, a protective film (protective lay- 
er 5) of amorphous carbon (diamond-like carbon) *o 
film is formed by high frequency plasma CVD. The 
protective film 5 is hard, and resistant to scratch, 
and has a high chemical resistance. Further, it is 
excellent in gas barrier property, and it has a low 
sorption ability, and is less likely to sorb chemical 45 
substances; and 

Step 6: thereafter, to the case 14. the piezoelectric 
element 2, the cover plate 7, the driving terminals 
6a and 6b, and the like are mounted, resulting in the 
piezoelectric vibrator 1 . 50 



(Fourth example) 

[0046] FIG. 9 is an explanatory diagram illustrating a 
method for manufacturing the acoustic matching layer 
3, and bonding it to the case 14 of metal sealing type, 
particularly, when the case 14 is a case made of alumin- 
ium, bonding the acoustic matching layer 3 to the case 
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14, step by step in accordance with a fourth example. 
The fourth example will be described in the order of 
steps 1 to 7. 

Step 1 : tolylene diisocyanate (TDI) and toluene di- 
amine (TDA) are mixed in an aprolic solvent such 
as acetone or tetrahydrofuran to form an aqueous 
solution having a polyurea structure. It is important 
that a solvent which will not react with the raw ma- 
terial is prepared as the solvent in this step; 
Step 2: the resulting aqueous solution is added 
dropwise onto the case 14 to be merged with the 
case 14; 

Step 3: when the coating raw material solution is 
allowed to gel after coating of the coating raw ma- 
terial solution, the OH group on the surface of the 
case 14 and the alkoxy group of the raw material 
react and are chemically bonded with each other to 
form a wet gel film on the surface of the case 14; 
Step 4:the gelled coating raw material solution is 
subjected to solvent exchange to tertiary butyl alco- 
hol, and then frozen at 25 °C or less. Subsequently, 
the frozen solution is heated and dried under re- 
duced pressure of 41 Torr or less to form an organic 
dry gel film. The resulting organic dry gel film has 
water repellency; 

Step 5: on the organic dry gel film formed on the 
surface of the case 14, an urethane-based ultravi- 
olet (UV) curable resin is coated, and cured to form 
a protective film (protective layer 5); and 
Step 6: thereafter, to the case 14, the piezoelectric 
element 2, the cover plate 7, the driving terminals 
6a and 6b, and the like are mounted, resulting in the 
piezoelectric vibrator 1 . 

[0047] FIG. 10 is a block diagram showing an ultra- 
sonic flowmeter using the ultrasonic transducer of the 
present invention. The ultrasonic flowmeter in FIG. 10 
is installed so that a fluid to be measured flows in the 
direction indicated by an arrow of the figure at a velocity 
of V in a tube which is a flow rate measuring part 51 . On 
the tube wall of the flow rate measuring part 51 , the ul- 
trasonic transducers 1 a and 1 b of the present invention 
are oppositely mounted. Herein, the ultrasonic trans- 
ducer 1 a is used as an ultrasonic transmitter (below, re- 
ferred to as "ultrasonic transmitter 1a"), and the ultra- 
sonic transducer 1b is used as an ultrasonic receiver 
(below, referred to as "ultrasonic receiver 1b"). Further, 
to the ultrasonic transmitter 1 a and the ultrasonic receiv- 
er 1 b s there are connected, via a switching circuit 55 for 
switching between transmission and reception thereof, 
a driving circuit 54 for driving the ultrasonic transducers 
1a and 1b, a reception and detecting circuit 56 for de- 
tecting the ultrasonic pulse, a timer 57 for determining 
55 the time of flight of the ultrasonic pulse, an operation 
unit 58 for performing operation on the flow rate based 
on the output from the timer 57, and a control unit 59 for 
outputting a control signal to the driving circuit 54 and 
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the timer 57. 

[0048] The operation of the ultrasonic flowmeter thus 
configured will now be described below. The fluid to be 
measured is set to be, for example, a LP gas, and the 
driving frequency of the ultrasonic transducers 1a and 
1b is set to be about 500 kHz. The control unit 59 outputs 
a transmission start signal to the driving circuit 54, and 
at the same time, starts the time measurement of the 
timer 57. The driving circuit 54 receives the transmission 
start signal, and drives the ultrasonic transducer 1a to 
transmit an ultrasonic pulse. The transmitted ultrasonic 
pulse propagates in the flow rate measuring part, and is 
received at the ultrasonic transducer 1b. The received 
ultrasonic pulse is converted into an electric signal at 
the ultrasonictransducer 1 b, and outputted to the recep- 
tion and detecting circuit 56. The reception and detect- 
ing circuit 56 determines the reception timing of the re- 
ception signal, and stops thetimer57, and the operation 
unit 58 performs operation on the time of flight t1 . 
[0049] Subsequently, the switching circuit 55 switch- 
es between the ultrasonic transducers 1a and 1b con- 
nected therethrough to the driving unit 54 and the re- 
ception and detecting circuit 56. Then, the control unit 
59 again outputs a transmission start signal to the driv- 
ing circuit 54, and at the same time, starts the time 
measurement of the timer 57. Contrary to the case of 
measurement of the time of flight t1 , the ultrasonic trans- 
ducer 1 b transmits an ultrasonic pulse, and the ultrason- 
ic transducer 1a receives it, and the operation unit 58 
performs operation on the time of flight t2. 
[0050] Herein, assuming that the distance connecting 
between the centers of the ultrasonic transducers 1a 
and 1b is L, the sound velocity of the LP gas in airless 
conditions is C, the flow velocity in the flow rate meas- 
uring part 51 is V, and the angle between the direction 
of flow of the fluid to be measured and the line connect- 
ing between the centers of the ultrasonic transducers 
1a and 1b is G, it is possible to determine the times of 
flight t1 and t2, respectively. Further, since the distance 
L is known, it is possible to determine the flow velocity 
V if the times t1 and t2 are determined. Accordingly, it 
becomes possible to check the flow rate from the flow 
velocity V. 

[0051] Having described the present invention as re- 
lated to the preferred embodiments shown in the accom- 
panying drawings, it will be obvious to those skilled in 
the art that changes and modifications may be made 
with ease to the invention. Such variations are intended 
to be within the scope of the present invention. 



Claims 

1 . An ultrasonic transducer comprising a piezoelectric 
element and an acoustic matching layer, the acous- 
tic matching layer being made of a dry gel of an in- 
organic oxide or an organic polymer, and the solid 
skeletal part of the dry gel having been rendered 
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hydrophobic. 

2. The ultrasonic transducer according to claim 1, 
wherein the piezoelectric element and the acoustic 

5 matching layer are chemically bonded with each 
other. 

3. The ultrasonic transducer according to claim 1 , 
wherein the piezoelectric element is mounted on 

10 the inner side of a hermetically sealed case, and the 
acoustic matching layer is mounted on the outer 
side of the hermetically sealed case opposed to the 
mounting position of the piezoelectric element. 

15 4. The ultrasonic transducer according to claim 3, 
wherein the hermetically sealed case has an acous- 
tic matching layer mounting part in concave form 
with a depth which is a quarter of the ultrasonic os- 
cillation frequency at the position of the outer side 

20 opposed to the mounting position of the piezoelec- 
tric element, and the acoustic matching layer 
mounting part is filled with the dry gel of an inorganic 
oxide or an organic polymer. 

25 5. The ultrasonic transducer according to claim 3, 
wherein the hermetically sealed case and the 
acoustic matching layer are chemically bonded with 
each other. 

30 6. The ultrasonic transducer according to claim 3, 
wherein the hermetically sealed case is made of a 
conductive material. 

7. The ultrasonic transducer according to claim 6, 
35 wherein the conductive material is a metal material. 

8. The ultrasonic transducer according to claim 1 , 
wherein the dry gel constituting the acoustic match- 
ing layer has a density of 500 kg/m 3 or less, and a 

40 mean pore diameter of 100 nm or less. 

9. The ultrasonic transducer according to claim 1 , 
wherein the solid skeletal part of the dry gel contains 
at least silicon oxide or aluminium oxide as a com- 

45 ponent. 

10. The ultrasonic transducer according to claim 1, 
wherein a protective layer with a density of 800 kg/ 
m 3 or more, and a thickness of 10 jam or less is 

50 formed on the surface of the acoustic matching lay- 
er. 

11. The ultrasonic transducer according to claim 10, 
wherein the protective layer is made of any of a met- 

55 al material, an inorganic material, and a polymer 
material. 

12. The ultrasonic transducer according to claim 11, 
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wherein the protective layer is made of any of alu- 
minium, silicon oxide, aluminium oxide, amorphous 
carbon, and polyparaxylene. 

13. A method for manufacturing an ultrasonic transduc- 5 
er comprising an acoustic matching layer made of 

a dry gel of an inorganic oxide or an organic poly- 
mer, the solid skeletal part of the dry gel having 
been rendered hydrophobic, and a piezoelectric el- 
ement, the method comprising a step of brazing the 10 
dry gel to the piezoelectric element or a gas shield- 
ing case on the inner side of which the piezoelectric 
element is mounted. 

1 4. A method for manufacturing an ultrasonic transduc- '5 
er comprising an acoustic matching layer made of 

a dry gel of an inorganic oxide or an organic poly- 
mer the solid skeletal part of the dry gel having 
been rendered hydrophobic, and a piezoelectric el- 
ement, the method including a step of forming the 20 
acoustic matching layer, the step of forming the 
acoustic matching layer comprising: a deposition 
step of applying a gel raw material solution to the 
piezoelectric element ora gas shielding case on the 
inner side of which the piezoelectric element is 25 
mounted; a solidification step of obtaining a wet gel 
from the gel raw material solution; and a drying step 
of removing a solvent in the wet gel to obtain a dry 
gel. 

30 

15. The method for manufacturing an ultrasonic trans- 
ducer according to claim 14, the piezoelectric ele- 
ment being mounted on the inner side of a hermet- 
ically sealed case, and the hermetically sealed case 
having an acoustic matching layer mounting part in 35 
concave form with a depth which is a quarter of the 
ultrasonic oscillation frequency at the position of the 
outer side opposed to the mounting position of the 
piezoelectric element of the hermetically sealed 
case, wherein the gel raw material solution is ap- *o 
plied to the acoustic matching layer mounting part. 

16. The method for manufacturing an ultrasonic trans- 
ducer according to claim 13, wherein a protective 
layer is formed on the surface of the acoustic match- 45 
ing layer by a dry deposition method. 

17. The method for manufacturing an ultrasonic trans- 
ducer according to claim 14, wherein a protective 
layer is formed on the surface of the acoustic match- so 
ing layer by a dry deposition method. 

18. An ultrasonic flowmeter using an ultrasonic trans- 
ducer comprising a piezoelectric element and an 
acoustic matching layer, the acoustic matching lay- 55 
er being made of a dry gel of an inorganic oxide or 

an organic polymer, a solid skeletal part of the dry 
gel having been rendered hydrophobic, the ultra- 



sonic flowmeter comprising: a flow rate measuring 
part through which a fluid to be measured flows; a 
pair of ultrasonic transducers for transmitting and 
receiving an ultrasonic wave mounted at the flow 
rate measuring part; a measuring circuit for meas- 
uring the time of flight of an ultrasonic wave be- 
tween the ultrasonic transducers; and flow rale op- 
eration means for calculating the flow rate based on 
the signal from the measuring circuit, each of the 
ultrasonic transducers being made up of a hermet- 
ically sealed case by which the fluid to be measured 
and the piezoelectric element are shielded from 
each other. 
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Fig. 2 




1 : Piezoelectric vibrator 

3: Acoustic matching layer 
-2: Piezoelectric element 
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